Spiral ganglion neurons (SGNs) relay acoustic code from cochlear hair cells to the brainstem, and their stimulation enables electrical hearing via cochlear implants. Rapid adaptation, a mechanism that preserves temporal precision, and a prominent feature of auditory neurons, is regulated via dendrotoxin-sensitive low-threshold voltage-activated (LVA) K ϩ channels. Here, we investigated the molecular physiology of LVA currents in SGNs cultured from mice following the onset of hearing (postnatal days 12-21). Kv1.1-and Kv1.2-specific toxins blocked the LVA currents in a comparable manner, suggesting that both subunits contribute to functional heteromeric channels. Confocal immunofluorescence in fixed cochlear sections localized both Kv1.1 and Kv1.2 subunits to specific neuronal microdomains, including the somatic membrane, juxtaparanodes, and the first heminode, which forms the spike initiation site of the auditory nerve. The spatial distribution of Kv1 immunofluorescence appeared mutually exclusive to that of Kv3.1b subunits, which mediate high-threshold voltage-activated currents. As Kv1
Introduction
Spiral ganglion neurons (SGNs) are the first afferents of the mammalian auditory pathway, relaying acoustic information from cochlear hair cells to the brainstem. Each inner hair cell (IHC), the primary mechanoreceptors of the system, receives synaptic input from the peripheral neurites of 5-20 Type I SGNs (Nayagam et al., 2011) , with the density of innervation maximal in the cochlear region with the highest sensitivity to sound (Meyer et al., 2009) . Frequency tuning in individual SGNs is largely conferred by their location along the cochlea's tonotopic axis, with higher-frequency sounds coded toward the cochlear base (Liberman, 1982) . IHCs respond to sound via a graded receptor potential triggering Ca 2ϩ -dependent glutamate release at the IHC-SGN synapse (Moser and Beutner, 2000) . This activates large, but brief, AMPA receptor-mediated EPSCs within SGN boutons (Glowatzki and Fuchs, 2002) . The resulting short-latency EPSPs almost always lead to the generation of phasic action potentials (APs) (Siegel, 1992; Rutherford et al., 2012) , a rapidly adapting response enabling the auditory nerve to phase-lock reliably onto sound inputs, and ensuring high temporal fidelity (Rutherford et al., 2012) .
In dissociated spiral ganglion cultures, where there is a lack of IHC synaptic input, SGNs display heterogeneous adaptive responses to maintained current injection (Mo and Davis, 1997; Lv et al., 2012) . Although the relative distribution of adaptation rates differs between studies, a consistent observation is the predominance of very rapidly adapting (phasic firing) cells. The complement of voltage-gated ion channels expressed by the cultured neurons is proposed to regulate their intrinsic excitability (Liu et al., 2014) . In cultures of neonatal mouse SGNs, rapid adaptation is regulated by dendrotoxin-sensitive, low-threshold voltageactivated (LVA) K ϩ currents . The implication of a role for Kv1-family subunits has also been suggested in the auditory brain (Johnston et al., 2010) . However, in SGNs cultured from adult guinea pigs, inhibition of LVA currents by dendrotoxin does not affect adaptation (Szabó et al., 2002) , raising the possibility of developmental or interspecies differences in the contribution to the LVA current.
Here, we investigated the molecular physiology of the LVA currents and their association with rapid adaptation and excitability. In SGNs cultured from mice following the onset of hearing, sensitivity to subunit-specific toxins suggested that the LVA current is mediated via heteromeric assemblies of Kv1.1 and Kv1.2 subunits. Using confocal immunofluorescence, we localized Kv1.1 and Kv1.2 subunits together at specific subcellular domains, including the SGN somatic membrane, their axonal juxtaparanodes, and the first heminode located near the initial spike generator of the auditory nerve (Hossain et al., 2005) . Finally, in agreement with observations in heterologous systems where Kv1.2 subunits are regulated by phosphoinositide signaling (Rodriguez-Menchaca et al., 2012; Kruse and Hille, 2013) , the LVA current in SGNs was inhibited by depletion of phosphatidylinositol-4,5-bisphosphate (PIP 2 ), which had the effect of slowing adaptation. Our findings implicate Kv1.1/Kv1.2 heteromeric channels in the control of AP initiation and propagation in the cochlea, and identify them as novel therapeutic targets within the auditory nerve.
Materials and Methods
Animals. C56BL/6 mice were bred in an in-house facility and were killed by CO 2 inhalation followed by cervical dislocation. All animal work conformed to United Kingdom legislation outlined in the Animals (Scientific Procedures) Act 1986. SGN culture. SGN cultures were prepared from the cochleae of P12-P21 mice of either sex. After death, the cochleae were removed and the modioli were isolated. The tissue was digested in 0.25% trypsin at 37°C for 30 min. Growth medium (DMEM containing 10% FCS, 10 mM HEPES, and 1% penicillin/streptomycin) was added, and the tissue was gently triturated. Cells were pelleted by gentle centrifugation (400 ϫ g, 10 min), resuspended in growth medium, and plated onto glass coverslips pretreated with poly-L-lysine (50 g/ml for 1 h). Coverslips were incubated in a humidified chamber at 37°C, 5% CO 2 , for 1 h to allow the dissociated SGNs to adhere. Growth medium supplemented with 10 ng/ml BDNF was added, and the coverslips were returned to the incubator for 48 -72 h.
SGN electrophysiology. Recordings were made from SGNs at room temperature (22°C-24°C), following 2-3 d in vitro (DIV). Glass coverslips were placed in a recording chamber mounted on an upright microscope (E600FN, Nikon). Recordings were performed in the whole-cell configuration using an Axopatch 200B patch-clamp amplifier (Molecular Devices) and a Digidata board (Molecular Devices) under the control of pClamp software (version 8, Molecular Devices). During recordings, cultures were superfused with artificial perilymph containing the following (in mM): 145 NaCl, 4 KCl, 1 MgCl 2 , 1.3 CaCl 2 , 10 HEPES, and 5 glucose, pH 7.3. Patch pipettes were pulled from capillary glass (GC120TF; Harvard Apparatus) using a vertical puller (Narishige). Pipettes had resistances of 2.8 -4.5 M⍀ when filled with the standard intracellular solution containing the following (in mM): 130 K-gluconate, 5 KCl, 2 MgATP, 2 Na 2 ATP, 0.3 Na 3 GTP, 10 Na 2 -phosphocreatine, 1 EGTA, and 10 HEPES, pH 7.2. The liquid junction potential was measured as Ϫ13 mV and was subtracted off-line. Series resistance compensation was applied at 70%. Current-clamp and voltage-clamp protocols are described in Results and in the figure legends. Electrophysiological data were analyzed off-line using Clampfit (version 10, Molecular Devices) and Igor Pro (version 6.36, Wavemetrics) . Voltage dependence of activation was calculated by fitting conductance-voltage data with the Boltzmann function,
, where G is conductance, V 1/2 is the half-maximal activation, V m is the membrane potential, and k is the slope.
Drug stocks and application. Dendrotoxin-K (DTX-K), tityustoxin-K␣ (TsTx), and M-conotoxin RIIIJ (RIIIJ) were obtained from Alomone Labs. The three toxins were prepared as 50 or 100 M stocks in water and stored at Ϫ20°C before dilution in artificial perilymph (100 nM) for patch-clamp recordings. Wortmannin (Santa Cruz Biotechnology) was prepared as a 1 mM stock in water and stored at Ϫ20°C before dilution to 100 nM or 10 M in SGN growth medium. PIP 2 -palpeptide (PIP 2 -PP; a generous gift from Dr Jon Robbins, Kings College London) was supplied as a 10 mM stock solution in water and stored at Ϫ20°C in single-use aliquots before dilution in artificial perilymph (1 or 3 M) for patchclamp recordings. With the exception of wortmannin, which was preincubated with the SGN cultures for 1 h, toxins and peptides were applied through the bath perfusion system. For a subset of experiments, the standard intracellular solution was supplemented with diC 8 PIP 2 (Echelon Bioscience). Working concentrations of 100 or 200 M diC 8 PIP 2 were prepared in standard intracellular solution and stored at Ϫ20°C before use.
Immunofluorescence. Whole cochleae from P20 C57BL/6 mice were fixed in 4% PFA in PBS for 40 min at room temperature. A small hole was made in the apex of the otic capsule allowing the PFA to perfuse into the cochlea. After fixation, the tissue was washed several times in PBS and the cochleae were decalcified in 4% EDTA for 48 h at 4°C. The otic capsules were mounted in 4% agarose and sectioned on a vibratome (1000 plus system, Intracel) at 200 m intervals.
For antibody labeling, sections were permeabilized and blocked (0.2% Triton X-100 and 10% normal goat serum in PBS) for 40 min at room temperature. To reduce background fluorescence when using mouse monoclonal antibodies, sections were incubated for 1.5 h in Mouse Ig Blocking Reagent (Vector Laboratories). Primary antibodies were diluted 1:100 (Kv1.1, Kv1.2, Kv3.1b, PSD95, Pan Nav) or 1:1000 (␤-tubulin antibody [TUJ1]) in blocking solution (0.1 M lysine and 0.1% Triton X-100 in PBS), and sections were incubated for 3.5 h at room temperature. After several washes in PBS, sections were incubated at room temperature for 1 h with AlexaFluor fluorescently labeled secondary antibodies (1:400 dilution in blocking solution; Invitrogen). Sections were washed several times in PBS and mounted in VECTASHIELD containing DAPI (Vector Laboratories).
Images were acquired using a confocal microscope (LSM510; Carl Zeiss) equipped with a 20ϫ air objective (NA 0.75) and 63ϫ waterimmersion objective (NA 1.2). AlexaFluor-488, -555, and -633 fluorophores were excited using 488, 543, and 633 nm lasers, respectively, and emission was collected using 505-530 nm, 560 -615 nm bandpass filters and a 650 nm long-pass filter, respectively. DAPI was excited using a 405 nm laser with emission collected using a 420 -480 nm bandpass filter. Multichannel z-stacks were acquired using sequential scanning with a frame average of 4 and a z-step size of 2-2.3 m (20ϫ) or 1.4 -1.8 m (63ϫ). Images shown are maximum intensity z-projections of 2-4 adjacent sections unless stated otherwise.
Antibodies. HEK293 cells. HEK293 cells were cultured in a humidified incubator at 37°C and 5% CO 2 . Growth medium contained DMEM supplemented with 10% FCS, 2 mM L-glutamine, and penicillin/streptomycin (Invitrogen). At 1-2 d before transfection, cells were plated in 35 mm dishes to obtain a density of 70%-80%. Cells were transfected using 2.5 g DNA and 5 l Lipofectamine 2000 (Invitrogen). The transfection complex was incubated with the cells for 4 h in Opti-MEM media (Invitrogen) after which the transfection complex was replaced with normal growth medium. At ϳ22 h after transfection, cells were trypsinized and plated at low density onto glass coverslips. After a brief recovery (ϳ3 h), coverslips were transferred into the recording chamber for voltage-clamp recordings. The conditions used for whole-cell patch clamp were as described for SGNs.
Results
Rapid adaptation in posthearing SGNs depends on Kv1.1/Kv1.2 heteromeric channels In prehearing mice, the intrinsic excitability of cultured SGNs has been linked to their original location along the tonotopic axis of the cochlea (Adamson et al., 2002) . To examine whether this relationship persists in SGNs from hearing mice, SGN cultures were prepared from apical, mid, and basal thirds of the cochlea from mice around the age of hearing onset (P12-P15) and 1 week after onset (P20-P21). The older age group was included to examine whether there were further maturational changes to SGN firing properties during the third postnatal week, as there is a recognized increase in hearing sensitivity during this period, as measured by decreasing thresholds for the compound action potential (Shnerson and Pujol, 1981) . The excitability of SGNs from the two age groups, and originating from different cochlear turns (basal, mid, apical), was assessed by examining their response to a 200 ms depolarizing current injection (100 pA) from a holding potential of Ϫ73 mV (Fig. 1A) . There was broad variability in individual responses to the stimuli, ranging from rapidly adapting (phasic firing) to nonadapting (tonic firing) behavior. Spontaneous APs were also observed in a number of cells in the absence of depolarizing stimuli. There was no clear relationship between adaptation behavior and somatic size (correlated with measured whole-cell membrane capacitance, C m ). SGNs from both age groups displayed these diverse firing properties, suggesting that heterogeneity of responses is established by hearing onset and maintained beyond. Despite this heterogeneity, however, a prominent subpopulation of rapidly adapting cells was apparent (Fig. 1A , arrow), and cells with these characteristics were the focus of the present study. The dissociated cultures used for the assessment of excitability properties in current-clamp mode, shown in Figure 1A , most likely included the small subpopulation of Type II SGNs, the afferent neurons of outer hair cells (Nayagam et al., 2011) . However, these cells are readily distinguished from Type I SGNs in voltage-clamp mode (Jagger and Housley, 2003), enabling their removal from subsequent analyses. Consequently, the data reported here were obtained exclusively from Type I SGNs. Rapid adaptation observed in prehearing SGNs (P3-P8) has been shown to be regulated by an ␣-dendrotoxin (␣-DTX) sensitive conductance, implicating the involvement of the Kv1 family of voltage-gated K ϩ (Kv) channels . Further, current inhibition by DTX-K identified Kv1.1 subunits as key contributors to this adaptive behavior . Here, the involvement of Kv1.1 subunits in the control of adaptation rate in posthearing SGNs was assessed by the application of 100 nM DTX-K to cells under current clamp ( Fig. 1 B, C) . Typically, the application of DTX-K enhanced the excitability of SGNs -the number of APs elicited by depolarizing current injection steps was increased and the amplitude of the stimulus current required to evoke an AP was reduced (Fig. 1B) . The number of APs in response to a 100 pA current step was increased in 8 of 9 cells in the presence of DTX-K ( Fig. 1C) with one of these cells firing spontaneously as a result of DTX-K application. This enhancement of excitability by DTX-K confirmed that Kv1.1 subunits continue to contribute to the maintenance of rapid adaptation in SGNs from hearing animals.
Kv1.1 subunits can homotetramerize, or they can heteromerically tetramerize with other Kv1 family members to form channels which mediate LVA currents. In auditory neurons, these LVA currents act to reduce membrane resistance, to raise the threshold for AP firing, and to prevent repetitive firing (Brew and Forsythe, 1995; Bal and Oertel, 2001 ). To examine the potential involvement of heteromeric channels containing Kv1.2, we used a recognized blocker of Kv1.2-containing channels, TsTx (Werkman et al., 1993; Brew et al., 2007) and the more recently described RIIIJ (Chen et al., 2010) . Under voltage clamp, a ramp protocol enabled LVA currents to be distinguished from highthreshold voltage-activated (HVA) currents in P12-P15 and P20-P21 SGNs ( Fig. 2A-C) . The application of 100 nM DTX-K caused a substantial reduction in the LVA current amplitude ( Fig. 2A) , confirming the presence of Kv1.1 subunits. In separate experiments, the application of 100 nM TsTx (Fig. 2B ) or 100 nM RIIIJ (Fig. 2C ) produced a comparable reduction in the LVA current amplitude, suggesting a coinvolvement of Kv1.2 subunits. To compare the efficacies of the Kv1.1-and Kv1.2-specific toxins in blocking the LVA current, the change in slope conductance between Ϫ63 and Ϫ53 mV was calculated (Fig. 2D) . Reductions in the slope conductance in the presence of DTX-K, TsTx, or RIIIJ were comparable, with no significant differences between the two age groups (toxin comparisons: p ϭ 0.52, age comparisons: p ϭ 0.94, two-way ANOVA).
To examine the toxin-sensitive currents in more detail, a voltage step protocol was used, with currents being elicited by There was a decrease of current following application of all three toxins, most prominently between Ϫ70 mV and Ϫ20 mV. D, Mean decrease in slope conductance (G s ; measured between Ϫ63 mV and Ϫ53 mV) following toxin application, indicated for the two age groups. DTX-K: n ϭ 6 (P12-P15), n ϭ 7 (P20-P21); TsTx: n ϭ 6 (P12-P15), n ϭ 6 (P20-P21); RIIIJ: n ϭ 5 (P12-P15), n ϭ 7 (P20-P21). E-G, Representative outward current responses during 200 ms voltage steps in 10 mV increments from a holding potential of Ϫ73 mV, before (top) and after (middle) 100 nM bath applications of DTX-K (E), TsTx (F ), or RIIIJ (G). Bottom, Subtracted toxin-sensitive currents. For clarity, current traces in E-G have been cropped to remove large transient inward Na ϩ currents (shown in E, inset) to highlight changes to the outward currents. H, Normalized conductance-voltage plots for DTX-K-sensitive (n ϭ 6), TsTx-sensitive (n ϭ 5), and RIIIJ-sensitive (n ϭ 5) currents in P12-P15 SGNs. I, Normalized conductance-voltage plots for DTX-K-sensitive (n ϭ 6), TsTx-sensitive (n ϭ 6), and RIIIJ-sensitive (n ϭ 8) currents in P20-P21 SGNs. Conductance was calculated from the steady-state toxin-sensitive currents measured at the end of the 200 ms voltage steps described for E-G and was fitted with a Boltzmann function. Mean Boltzmann parameters are given in Table 1. 200 ms depolarizing steps in 10 mV increments from a holding potential of Ϫ73 mV (Fig. 2E-G) . Following application of the toxins, HVA currents remained that were fast-activating and noninactivating ( Fig. 2E-G, middle panels) . Subtraction of the currents in the presence of the toxins from the control currents revealed the toxin-sensitive currents (Fig. 2E -G, bottom). To examine the voltage dependence, conductances were calculated from the steady-state toxin-sensitive currents and plotted against membrane potential for the two different age groups (Fig. 2 H, I ). Half-maximal activation (V 1/2 ) and slope (k) values were calculated by fitting Boltzmann functions to the data (Table 1) . Although there was no significant difference in either V 1/2 or k values for the effect of the toxins, there was a small but significant effect in the V 1/2 and k values as a function of age (V 1/2 , toxin comparisons: p ϭ 0.36, age comparisons: p ϭ 0.0084, two-way ANOVA; k, toxin comparisons: p ϭ 0.059, age comparisons: p ϭ 0.021, two-way ANOVA).
The comparable extent of block ( Fig. 2D ) and voltage dependence (Fig. 2 H, I ) of the three toxin-sensitive currents implied that the LVA channels were heteromers containing both Kv1.1 and Kv1.2 subunits. Alternatively, there could be subpopulations of Kv1.1 homomeric and Kv1.2 homomeric channels in SGNs. To address this possibility, TsTx and DTX-K were added sequentially to the bath, to examine whether the second toxin resulted in an additional block (Fig. 3) . After the prior application of 100 nM TsTx, coapplication of 100 nM DTX-K did not enhance the inhibition of the LVA current in either age group (Fig. 3 A, B) . Application of the toxins in the reverse order also showed no additive effect (Fig. 3C,D) , suggesting that heteromeric Kv1.1/Kv1.2 channels likely mediate the LVA current in cultured SGNs. In a manner comparable to the effect of DTX-K on SGN adaptation (Fig. 1C) , in the majority of recordings TsTx (4 of 5 cells, P12-P15) and RIIIJ (2 of 3 cells, P12-P15; 5 of 7 cells, P20-P21) slowed adaptation (data not shown).
Kv1.1 and Kv1.2 subunits localize to key neuronal loci
The targeting of ion channel subtypes to particular neuronal loci is highly regulated to ensure the efficient generation and subsequent propagation of APs (Jensen et al., 2011) . Following the pharmacological identification of functional Kv1.1 and Kv1.2 subunits in our dissociated SGN cultures, we sought to define more clearly the subcellular localization of these subunits within SGNs in the cochlea. To this end, immunofluorescence experiments on fixed cochlear sections from P20 animals were performed. The somata of SGNs reside in the spiral ganglion with their peripheral neurites extending from the sensory IHCs and their central neurites projecting toward the brainstem (detected using an anti-␤3-tubulin antibody; Fig. 4A ). As suggested by our preceding electrophysiological recordings from dissociated SGNs, immunofluorescence for Kv1.1 and Kv1.2 subunits was localized to SGN somata, with prominent membrane expression (Fig. 4B ). This membrane expression was continuous as the somata tapered into the proximal portion of peripheral and central neurites but then ended abruptly at positions corresponding to juxtaparanodal structures (Fig. 4C) .
Although not thought to be a prominent component of all nodes of Ranvier in the PNS (Devaux et al., 2003) , immunofluorescence for HVA current-mediating Kv3.1b subunits localized to discrete puncta at the perisomatic nodes of all SGNs (Fig. 4C , arrowheads) but was largely absent from the somatic membrane. A comparable discrete perisomatic pattern of expression has been reported previously for voltage-gated sodium (Nav) channels and indicates that APs must propagate across the soma despite an apparent lack of somatic Nav channels (Hossain et al., 2005) . In addition to the highly organized expression within the somatic membrane, Kv1.2 immunofluorescence was observed within juxtaparanodes throughout both the peripheral and central neurites (Fig. 5A ). Kv1.1 colocalized with Kv1.2 at all these juxtaparanodal clusters (Fig. 5B) , further suggesting these subunits could combine to form functional heteromers. Consistent with the nodal arrangement observed within the proximal peripheral and central neurites (Fig. 4C) , immunofluorescence for both Nav and Kv3.1b subunits was detected at the center of the flanking Kv1.1/ Kv1.2 clusters in both central (Fig. 5C,D) and peripheral neurites (Fig. 5 E, F ) .
Kv1.2 immunofluorescence was also observed in a region underneath the IHC synaptic region (Figs. 5A, 6A-D) . The peripheral neurites of SGNs extend from the ganglion and are housed within the osseous spiral lamina until they reach the cochlear periphery. The peripheral neurites are almost continually myelinated along the length of the spiral lamina (Nayagam et al., 2011) , but myelination ceases just before the habenula perforata (Fig. 6A) , where they enter the organ of Corti. Kv1.1 and Kv1.2 subunits colocalized to the peripheral neurites at the region where myelination terminates (Fig. 6B ). Nav channels have been shown to localize to the subsequent unmyelinated segment of the neurites close to the habenula perforata, forming the site of spike generation for SGNs (Hossain et al., 2005) . Here, we found that , and following TsTx with DTX-K coapplied (both 100 nM) to SGNs in P12-P15 (A; n ϭ 5) and P20-P21 (B; n ϭ 6) cultures. After the initial block by TsTx, there was no additive effect observed upon the addition of DTX-K to the bath. C, D, There was also a lack of additive effect when the toxins were applied in the reverse order to SGNs in P12-P15 (C; n ϭ 6) and P20-P21 (D; n ϭ 5) cultures.
Kv1.2 immunofluorescence was spatially distinct from the Nav channel immunofluorescence, consistent with a "heminodal" arrangement of the two channel types (Fig. 6C) . The Kv1.1/Kv1.2 coimmunofluorescence is also reminiscent of the 'juxtaparaheminodal' microdomain described in vestibular afferents (Lysakowski et al., 2011) . In the cochlea, each unmyelinated neurite ending forms a single synapse with the base of an IHC, which could be marked postsynaptically by anti-PSD95 antibodies (Fig.  6D) . Because Kv3.1b was identified in the peripheral and central nodes of SGNs (Fig. 5 D, F ) , its localization at the first heminode was investigated. Kv3.1b was expressed in a similar region to the Nav channels, but notably distinct from the Kv1.2 subunits (Fig.  6D ). This highly organized distribution of Kv1.1-and Kv1.2-containing channels to key neuronal structures points toward a significant role in the regulation of AP generation and subsequent propagation within the auditory nerve.
Decreasing PIP 2 production enhances excitability of posthearing SGNs
The contribution of Kv1.1/Kv1.2 heteromeric channels to the LVA current in cultured SGNs, and their specific targeting to key neuronal loci in vivo, points to important roles for this channel in the dynamic regulation of excitability of the auditory nerve. Consequently, we next sought to identify endogenous modulators of the channels, which might be manipulated to provide external control of neuronal firing properties. PIP 2 is a recognized regulator of ion channel activity and has been shown to modulate a number of K ϩ channels (Suh and Hille, 2008) . Recently, in a heterologous expression system, depletion of PIP 2 has been shown to specifically decrease Kv1.2-mediated current amplitudes while also adjusting the voltage dependence of the channels (Rodriguez-Menchaca et al., 2012; Kruse and Hille, 2013) . This effect on Kv1.2-containing channels led us to examine the effect of PIP 2 on SGN excitability. To this end, basal turn P12-P15 cultures were pretreated with the phosphoinositide (PI) kinase inhibitor wortmannin (Fig. 7A) . At low concentrations (ϳ100 nM), wortmannin inhibits PI3-kinase (PI3K), resulting in reduced production of PIP 3 (Yano et al., 1993) . At higher concentrations (ϳ10 M), wortmannin also inhibits PI4-kinase (PI4K), resulting in a reduced production of cellular PIP 2 (Fruman et al., 1998) . SGNs were pooled in terms of the number of APs evoked in response to a 200 ms depolarizing current injection (100 pA): Kv1.1 and Kv1.2 subunits localize to juxtaparanodes in central and peripheral neurites. A, Overview of Kv1.2 immunofluorescence in a mouse P20 cochlear section. In addition to expression in SGN somata, distinct Kv1.2 puncta are observed in both peripheral (pn) and central neurites (cn). Further expression can be seen beneath the inner hair cell (ihc). Scale bar, 100 m. B, Colocalization of Kv1.1 and Kv1.2 subunits at juxtaparanodes in cn. Bottom, Overlay of the two channels displayed in the top and middle panels. C, D, Nav channels (C) and Kv3.1b subunits (D) localize to nodes of Ranvier flanked by juxtaparanodal Kv1.2 clusters in cn. E, F, Nav channels (E) and Kv3.1b subunits (F ) are also observed at nodes in pn with juxtaparanodal Kv1.2 immunofluorescence. Scale bars: B-F, 5 m.
rapidly adapting, 0 -1 APs; slowly adapting, 2-9 APs; nonadapting, Ն10 APs. In SGNs preincubated with vehicle only (Control), 9 of 12 adapted rapidly, with the remaining cells adapting slowly. Preincubation of SGN cultures with 100 nM wortmannin had no effect on this pooling of firing phenotypes, suggesting that PIP 3 availability did not influence SGN excitability. However, preincubation with 10 M wortmannin resulted in a reduced proportion of rapidly adapting neurons (7 of 18), and an increased proportion of nonadapting neurons (6 of 18), with the remaining neurons slowly adapting (5 of 18). This suggested that PIP 2 depletion, via PI4K inhibition, could enhance excitability within the SGN population. In separate experiments, the nonhydrolysable PIP 2 analog diC 8 PIP 2 was applied intracellularly during recordings from SGNs preincubated with 10 M wortmannin. Under these conditions, the effects of wortmannin on excitability were negated, with the proportion of rapidly adapting cells being identical to control conditions (75%; 6 of 8), suggesting that the effect of wortmannin on rapidly adapting neurons was associated with PIP 2 depletion.
PIP 2 sequestration slows adaptation in SGNs via inhibition of the LVA current
To further examine the effects of PIP 2 modulation on SGN excitability, we used a membrane-targeting palmitoylated peptide with a high binding affinity for PIP 2 (Robbins et al., 2006) . The PIP 2 -PP consists of a 10 amino acid chain identical to the putative PIP 2 binding sequence of Kv7.2-7.5 subunits, and palmitoylation ensures it specifically targets the plasma membrane to sequester PIP 2 . Bath application of 3 M PIP 2 -PP to rapidly adapting SGNs (P12-P15) enhanced their excitability (Fig. 7B-D) . The extent of this enhancement was variable, with some SGNs becoming more slowly adapting (Fig.  7B,D) whereas others became nonadapting (Fig. 7C,D) . In addition to increasing the number of APs, PIP 2 -PP significantly augmented the steady-state voltage during the current injection step (n ϭ 4, p Ͻ 0.001, two-way ANOVA; Fig. 7E ), indicating an increased membrane resistance.
The increased membrane resistance pointed to a decreased activity of Kv channels following PIP 2 sequestration. Accordingly, separate voltage-clamp recordings revealed an underlying inhibition of an LVA current (Fig. 8A,B) . Comparison of the current-voltage relationship of the PIP 2 -PPsensitive and DTX-K-sensitive currents from age-matched (P12-P15) SGN cultures revealed almost identical plots (Fig. 8C) . Inclusion of diC 8 PIP 2 in the recording pipette decreased the extent and slowed the rate of PIP 2 -PP-dependent inhibition of the LVA current (Fig. 8D,E) , suggesting that the effects of PIP 2 -PP were indeed mediated via PIP 2 depletion and not via a direct block of the underlying channels. In an attempt to target endogenous phosphoinositide signaling pathways, two alternative approaches were used to diminish PIP 2 levels. The application of oxotremorine-M (10 M), a broad agonist of Gq-coupled muscarinic receptors (Birdsall et al., 1978) , resulted in a small but nonsignificant inhibition of the LVA current (8.1 Ϯ 2.6% inhibition at Ϫ53 mV, n ϭ 5, p ϭ 0.054, paired Student's t test). m-3M3FBS (10 M), a phospholipase-C activator (Bae et al., 2003) , had variable effects between cells, with some showing a decrease and others an increase in LVA current (11.8 Ϯ 8.2% inhibition at Ϫ53 mV, n ϭ 8, p ϭ 0.93, paired Student's t test).
To confirm whether PIP 2 -PP was inhibiting Kv1 channels, toxin coapplication experiments were performed (Fig. 8 F, G) . Following prior application of 3 M PIP 2 -PP, the addition of 100 nM DTX-K to the bath failed to further reduce the LVA current amplitude (Fig. 8F ) . Reversing the order of the PIP 2 -PP and DTX-K applications also failed to enhance the inhibition (Fig.  8G) , suggesting that PIP 2 -PP and DTX-K were targeting the same channels. This finding indicates that the Kv1.1/Kv1.2 channels regulating excitability of SGNs can be modulated by cellular PIP 2 .
PIP 2 sequestration inhibits currents mediated by Kv1.1/Kv1.2 heteromeric channels Previous examination of Kv1.1, Kv1.3, Kv1.4, and Kv1.5 homomeric channels expressed in heterologous systems has revealed an apparent lack of influence of PIP 2 on these members of the Kv1 subfamily (Kruse et al., 2012) . Kv1.2 homomeric channels, how- . PIP 2 depletion enhances the excitability of posthearing SGNs. A, The distribution of AP firing phenotypes within the population of cultured SGNs depended on the availability of cellular PIP 2 . SGNs preincubated for 1 h in 0.1% DMSO (Control, n ϭ 12) were predominantly rapidly adapting, as were SGNs preincubated in 100 nM wortmannin ("Low WT," n ϭ 10). SGNs preincubated in 10 M wortmannin ("High WT," n ϭ 18) displayed a more heterogeneous firing behavior, with a reduced proportion of rapidly adapting cells. When diC 8 PIP 2 (100 M) was applied intracellularly during recordings from SGNs preincubated in 10 M wortmannin ("High WTϩdiC 8 PIP 2 ," n ϭ 8), the proportion of rapidly adapting cells returned to control levels. B, C, Representative voltage responses from two SGNs to depolarizing current injections, before (Control, left) and after the bath application of 3 M PIP 2 -PP (right). Typically, PIP 2 -PP slowed the rate of adaptation and reduced the current required to elicit AP firing. The 200 ms current injections were applied in 50 pA increments from a holding potential of Ϫ73 mV. D, Summary of the effect of 3 M PIP 2 -PP on the number of APs (#APs) elicited in response to a 100 pA current step (number of cells is shown in parentheses). E, Comparison of the mean voltagecurrent relationship before (Control) and after the bath application of 3 M PIP 2 -PP (n ϭ 4). Steady-state voltage was measured 10 ms from the end of 600 ms current injections applied in 20 pA increments from a holding potential of Ϫ73 mV. Mean steady-state current-voltage relationships before (Control) and after PIP 2 -PP application (3 M; n ϭ 13). Steady-state currents were measured at the end of the voltage steps described for A. C, Comparison of normalized steady-state current-voltage plots of the PIP 2 -PP-sensitive (PIP 2 -PP; 3 M; n ϭ 13) and DTX-K-sensitive currents (DTX-K; 100 nM; n ϭ 6). D, Normalized slope conductance (G s ), calculated from a voltage ramp protocol applied every 10 s (as described for Fig. 2A-D) , decreased during the bath application of PIP 2 -PP (Control; 1 M; n ϭ 5). Inclusion of diC 8 PIP 2 (200 M) in the intracellular solution reduced the effect of PIP 2 -PP (diC 8 PIP 2 ; n ϭ 7). E, Comparison of the rates of G s inhibition induced by PIP 2 -PP in the absence (Control; n ϭ 5) and presence of diC 8 PIP 2 (200 M) in the intracellular solution (diC 8 PIP 2 ; n ϭ 7). The time constant of G s inhibition was calculated by fitting monoexponential functions to the data in D. * p Ͻ 0.05. F, Mean current-voltage relationships of SGNs before (Control), following the application of PIP 2 -PP (3 M), and following subsequent coapplication of PIP 2 -PP with DTX-K (ϩDTX-K; 100 nM; n ϭ 3). After the initial block by PIP 2 -PP, there was no additive effect observed upon the addition of DTX-K to the bath. G, There was also a lack of additive effect when the drugs were applied in the reverse order (n ϭ 3). the influence of PIP 2 binding on voltage-sensor movement (Abderemane-Ali et al., 2012) . The magnitude of the hyperpolarizing shift varied between ϳ14 mV in Xenopus oocytes (Rodriguez-Menchaca et al., 2012) and ϳ3 mV in a human embryonic kidney cell line (Kruse and Hille, 2013) . To investigate the effects of PIP 2 -PP application on Kv1.2 homomeric channels, we expressed Kv1.2 in HEK293 cells. Consistent with the findings of others, we observed a reduction of Kv1.2 current amplitude after the application of PIP 2 -PP (18.6 Ϯ 5.5% at 57 mV, n ϭ 6; Fig. 9A ). However, no significant change in the V 1/2 of activation was observed after the application of PIP 2 -PP (Control: V 1/2 ϭ Ϫ11.7 Ϯ 2.2 mV; PIP 2 -PP: V 1/2 ϭ Ϫ11.3 Ϯ 2.2 mV, n ϭ 6, p ϭ 0.64, paired Student's t test).
The considerably greater reduction of the LVA current in SGNs by PIP 2 -PP application and our proposal that Kv1.1/Kv1.2 heteromeric channels likely mediate this current, led us to investigate the effects of PIP 2 -PP application on Kv1.1/Kv1.2 heteromeric channels. The application of PIP 2 -PP to Kv1.1/Kv1.2 currents resulted in a more substantial reduction in amplitude (77.7 Ϯ 5.1% at 57 mV, n ϭ 5; Fig. 9B ) compared with its effect on homomeric Kv1.2 channels ( p ϭ 0.00003, unpaired Student's t test). Again, there was no significant shift in the V 1/2 of activation (Control: V 1/2 ϭ Ϫ21 Ϯ 3.7 mV; PIP 2 -PP: V 1/2 ϭ Ϫ19.7 Ϯ 6 mV, n ϭ 4, p ϭ 0.63, paired Student's t test). Intracellular dialysis with diC 8 PIP 2 produced a marked decrease, and slowing of the rate, of inhibition by PIP 2 -PP (Fig. 9C,D) suggesting that the effect of PIP 2 -PP on Kv1.1/Kv1.2 channels was indeed caused by PIP 2 sequestration. The increased sensitivity of Kv1.1/Kv1.2 to PIP 2 -PP may reflect a lower affinity of the heteromeric channels for PIP 2 compared with Kv1.2 homomers, allowing PIP 2 -PP to compete more effectively for channel-bound PIP 2 . A similar reasoning has been used to explain the surprising ineffectiveness of PIP 2 -PP in sequestering PIP 2 from the highly PIP 2 -dependent Kir2.1 channel (Robbins et al., 2006) . Notably, the reduction of heterologous Kv1.1/Kv1.2 currents by PIP 2 -PP resembled its effect on the LVA current in SGNs, providing further support for the proposal that the LVA current is mediated by Kv1.1/Kv1.2 heteromers.
Discussion
The LVA current is necessary for rapid adaptation in auditory neurons Kv1.1 and Kv1.2 subunits appear targeted to specific functional loci within afferent neurons of the auditory nerve, in a manner that points to key roles in spike generation and propagation. This improved description of Kv1 channel localization, and how LVA K ϩ currents may contribute, is essential for more accurate models of auditory nerve function in the normal and hearingimpaired cochlea. LVA currents control adaptation throughout the auditory pathway, as described in neurons of the ventral cochlear nucleus (Manis and Marx, 1991; Schwarz and Puil, 1997) , the medial nucleus of the trapezoid body (MNTB) (Brew and Forsythe, 1995) , and the medial (Smith, 1995) and lateral (Barnes-Davies et al., 2004 ) superior olives. As described here and previously for SGNs and other auditory neurons (Brew and Forsythe, 1995; Smith, 1995; Schwarz and Puil, 1997; Bal and Oertel, 2001) , LVA current inhibition results in slowed adaptation. Within the auditory pathway, EPSCs are often severalfold larger than the threshold required to elicit postsynaptic APs (Johnston et al., 2009; Grant et al., 2010; Rutherford et al., 2012) , minimizing timing delays and ensuring fast AP transmission. Rapid adaptation ensures that auditory neurons fire phasically in response to these large depolarizing stimuli, thus maintaining temporal fidelity and phase synchronization (Johnston et al., 2010) .
Recordings from cultured SGNs reveal a variety of adaptive firing behaviors (Adamson et al., 2002; Lv et al., 2012; Crozier and Davis, 2014 ). An association between firing rate and tonotopic location was proposed for SGNs in prehearing mice (P3-P8), where all SGNs originating from the basal turn were rapidly adapting while apical SGNs displayed rapid or slower adaptation (Adamson et al., 2002) . The rapidly adapting phenotype was associated with Kv1-mediated currents, which were larger in basally derived SGNs (Liu et al., 2014) . Conversely, studies from posthearing mice have described more heterogeneous firing properties (Lv et al., 2012 ; current study). It is not certain, though, that the firing properties of cultured SGNs accurately represent their behavior in vivo. In afferent bouton recordings from isolated cochlear preparations, all SGNs fire single APs in response to sustained depolarizing stimuli, suggesting that rapid adaptation may be a consistent feature of functionally mature SGNs (Rutherford et al., 2012) . Rapid adaptation is also a dominant feature of somatic recordings from Type I SGNs in rat cochlear slice preparations (Jagger and Housley, 2002, 2003) . The apparent ubiquity of the adaptation mechanism suggests that it deserves further study, and our approach using cultured SGNs enabled us to dissect its molecular basis in the functionally mature cochlea. . PIP 2 sequestration preferentially inhibits Kv1.2 heteromeric channels expressed in HEK293 cells. A, Normalized steady-state current-voltage plots for Kv1.2 homomeric channels before (Control) and after the application of PIP 2 -PP (PIP 2 -PP; 1 M; n ϭ 6). B, Normalized steady-state current-voltage plots for Kv1.1/Kv1.2 channels before (Control) and after the application of PIP 2 -PP (1 M; n ϭ 5). A, B, Steady-state currents were measured at the end of 200 ms voltage steps applied in 10 mV increments from a holding potential of Ϫ73 mV. There was no significant difference in the control current amplitudes of Kv1.2 and Kv1.1/Kv1.2 (mean current density, Kv1.2: 599 Ϯ 227 pA/pF; Kv1.1/Kv1.2, 624 Ϯ 258 pA/pF; p ϭ 0.85, unpaired Student's t test). C, Normalized slope conductance (G s ) of Kv1.1/Kv1.2, calculated from a voltage ramp protocol applied every 10 s (as described for Fig. 2A-D 
Kv1.1/Kv1.2 heteromeric channels mediate LVA currents in mature SGNs
The most parsimonious explanation of our pharmacology data is that channels containing both Kv1.1 and Kv1.2 subunits mediate the LVA current in posthearing SGNs. Kv1.1-and Kv1.2-specific toxins displayed comparable levels of current inhibition, and their effects were not additive, and so we propose that these subunits comprise a heteromer, rather than two subpopulations of homomeric channels. Kv1.1/Kv1.2 heteromeric channels have been identified elsewhere within the auditory pathway, including the MNTB where they ensure rapid adaptation (Dodson et al., 2002) . The properties of auditory neurons in Kv1.1-null and Kv1.2-null mutants have been assessed, but due to the heteromeric nature of the channels, interpretation of the results can be problematic. The remaining functional subunit(s) may still form channels, or there may be compensatory effects from other Kv subunits (Brew et al., 2003 (Brew et al., , 2007 Wang et al., 2013) . In Kv1.2-null mice, both MNTB neurons (Brew et al., 2007) and SGNs (Wang et al., 2013) displayed larger LVA currents and were hypoexcitable compared with wild-type cells. This phenotype could be explained by the biophysical properties of remaining Kv1.1 subunits, which may form homomeric channels in the absence of Kv1.2. The more hyperpolarized threshold of activation and halfmaximal voltage of activation of Kv1.1 channels could account for the increased LVA current amplitude and the resulting hypoexcitability (Brew et al., 2007) . Our results do not rule out the presence of other subunits within the Kv1.1/Kv1.2 heteromer. It was recently proposed that Kv1.4 subunits may be present in the channels (Wang et al., 2013) . However, we did not observe substantial inactivation of the LVA current that Kv1.4 subunits would convey (Po et al., 1993; Nunoki et al., 1994) , nor did we detect Kv1.4 immunofluorescence in cochlear sections (data not shown).
Mutually exclusive localization of Kv1 and Kv3 subunits within neuronal microdomains contributes to regulation of AP initiation and propagation
The specific targeting of Kv1.1 and Kv1.2 subunits to the somatic membrane, to juxtaparanodes, and to the first heminode implicate Kv1.1/Kv1.2-containing channels in the control of AP generation and propagation. APs are initiated in the auditory and vestibular systems at the first heminode of the peripheral neurites (Hossain et al., 2005; Lysakowski et al., 2011) . Patch-clamp recordings from SGN boutons have revealed the presence of an LVA K ϩ current in this region . Our immunofluorescence experiments, which localize Kv1.1 and Kv1.2 subunits to the first heminode, identify Kv1.1/Kv1.2 channels as candidate mediators for this LVA current. In addition to their role in determining rapid adaptation, Kv1 channels at AP initiation zones contribute to shortened AP latency and reduced jitter (Johnston et al., 2010) . Along with channels mediating I h , Kv1 channels open at rest contribute to low input resistance, reducing the membrane time constant and enhancing temporal precision. Furthermore, the activation of Kv1 channels by depolarizing stimuli acts as a high-pass filter, inhibiting AP firing in response to slow EPSCs. Only fast depolarizations, which reach threshold before activating sufficient Kv1 channels to oppose the depolarization, result in APs. Depolarizing rate thresholds have been identified in several auditory neurons, including within the MNTB (Gittelman and Tempel, 2006) and ventral cochlear nucleus (McGinley and Oertel, 2006) , as well as in SGNs (Rutherford et al., 2012), and are proposed to be mediated by Kv1 channels. These features establish a temporal window for AP initiation (Gittelman and Tempel, 2006) , thus reducing the variability of AP latencies (i.e., jitter).
Kv1.1 and Kv1.2 subunits have been identified at myelinated juxtaparanodes in both CNS (Wang et al., 1993) and PNS axons (Mi et al., 1995; Rasband et al., 1998; Rasband and Trimmer, 2001 ). Proposed roles for juxtaparanodal Kv1 channels include maintenance of the internodal resting membrane potential and prevention of spike reentry into nodes of Ranvier, although the extent of channel activation under the myelin sheath is somewhat contested (ArancibiaCarcamo and Attwell, 2014) . In all neuronal loci here, localization of Kv1 subunits was spatially distinct from that of Kv3.1b subunits, suggesting that there are highly regulated processes determining the location of these subunits within the cell membrane. The apparent targeting of Kv3.1b subunits to all SGN nodes of Ranvier is contrary to observations elsewhere in the PNS (Devaux et al., 2003) and may point to a specialization of the auditory nerve enabling the transmission of high-frequency information.
PIP 2 regulates SGN excitability via Kv1-containing channels PIP 2 is a major phosphoinositide in the eukaryotic plasma membrane and an important regulator of K ϩ channels (Suh and Hille, 2008) . In heterologous expression systems, PIP 2 depletion causes a modest reduction (ϳ20%) in current amplitude of Kv1.2 homomeric channels with a concomitant negative shift in the activation curve (Rodriguez-Menchaca et al., 2012; Kruse and Hille, 2013) . Utilizing PIP 2 -PP, a membrane-targeting peptide to chelate PIP 2 (Robbins et al., 2006) , we observed a comparable reduction in current amplitude for Kv1.2 homomeric channels expressed in HEK293 cells. Interestingly, in cells coexpressing Kv1.1 subunits with Kv1.2, the sensitivity to PIP 2 depletion was markedly increased and more closely recapitulated our observations in cultured SGNs. Neuronal Kv7 (KCNQ) channels are also notably regulated by PIP 2 (Suh and Hille, 2002) , and small Kv7-like currents have been identified in SGNs (Lv et al., 2010) . However, we propose that our observations are not due to inhibition of Kv7 channels because blockade of Kv7 channels by linopirdine (Lv et al., 2010) or XE991 (our data; data not shown) did not affect rapid adaptation.
The influence of PIP 2 availability on LVA current amplitude highlights phosphoinositide signaling as an intrinsic regulator of SGN excitability. This may be of particular interest to the field of cochlear implant technology. Excessive current spread from cochlear implant electrodes results in the stimulation of overlapping populations of SGNs. This restricts the number of perceptual frequency channels for cochlear implant users, resulting in suboptimal speech perception and poor appreciation of music (O'Leary et al., 2009) . A current translational research focus is to reduce the "neural gap" by encouraging growth of SGN peripheral neurites toward the stimulating electrode (Pinyon et al., 2014) . A complementary approach could be to adjust the excitability of SGNs via pharmacological manipulation of global cellular PIP 2 levels, thus minimizing the necessary input energy and optimizing frequency channel activation. At a more physiological level, regulation of Kv1-mediated LVA currents by membrane phosphoinositides may provide control of ion channels within specific molecular microdomains (e.g., the first heminode, juxtaparanodes), to provide local dynamic control of spike initiation and propagation. 
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